Natural fracture is a geological phenomenon widely distributed in tight formation, and fractured gas reservoir stimulation effect mainly depends on the communication of natural fractures. Therefore it is necessary to carry out the evaluation of this reservoir and to find out the optimal natural fractures development wells. By analyzing the interactions and nonlinear relationships of the parameters, it establishes three-level index system of reservoir evaluation and proposes a new method for gas well reservoir evaluation model in fractured gas reservoir on the basis of fuzzy logic theory and multilevel gray correlation. For this method, the Gaussian membership functions to quantify the degree of every factor in the decision-making system and the multilevel gray relation to determine the weight of each parameter on stimulation effect. Finally through fuzzy arithmetic operator between multilevel weights and fuzzy evaluation matrix, score, rank, the reservoir quality, and predicted production will be gotten. Result of this new method shows that the evaluation of the production coincidence rate reaches 80%, which provides a new way for fractured gas reservoir evaluation.
Introduction
Natural fracture is one of the most important migration channels and accumulation spaces in fractured gas reservoirs. In order to obtain good fracturing treatment in this kind of gas reservoir, the first is to develop natural fracture characterization study and make clear the characteristics of the natural fracture system and the parameters impacting fracture development. Narr [1] measured the fracture-spacing index by density of joints, and Hanks et al. [2] stated that lithology is the primary control and structural position playing a greater role in the overall fracture character and density. Huang et al. [3] used the mud-loss data to characterize natural fracture and Norbeck et al. [4] stated that several well testing methods such as acoustic and resistivity image logs are available to the industry to identify natural fractures.
In order to obtain stimulation effect successfully, an accurate mathematical model is needed to describe the nonlinear relationship of various factors and to set up evaluation index system and decision-making system for reservoir evaluation after making clear the natural fracture development characteristics. Economides and Martin [5] categorized the reservoir evaluation for candidate-well selection methodologies into three types: (1) conventional, (2) mixed conventional and advanced, and (3) advanced methods; Zoveidavianpoor et al. [6] stated that fuzzy system model predicts and ranks wells accurately.
In the paper, the author takes member 2 of Xujiahe formation of Hechuan fractured gas reservoir as an example to establish the parameter index system representing the degree of natural fracture development on the basis of tectonic characteristics, core observation, lithology characteristics, and drilling and logging display data. Meanwhile, he analyzes the nonlinear relationship of various factors affecting the stimulation effect, sets up evaluation index system and decision-making system, and then completes the quantitative reservoir evaluation of fracturing well. Sample number = 837 in the east-central of the gentle structure of the Sichuan basin, which will produce microcracks easily under tectonic stress. The results of 720 slice samples show that the lithology is gray medium grained and medium-fine grained lithic arkose, feldspathic lithic sandstone, and lithic quartz sandstone mainly. Reservoir space types are mainly intergranular pores, intragranular dissolved pore, mixed pore and microfractures, and so forth. According to the analysis of 837 pieces' reservoir core sample, the porosity distribution is from 0.2% to 17%, and the average porosity is 6.77%; the permeability is concentrated in 0.001 mD to 3.114 mD mainly, and the average permeability is 0.103 mD. This study is shown in Figure 1 schematically. Figure 2 shows a good linear relation existing between log permeability and porosity, but there is still some deviation, which proves that the reservoir has some natural fracture. Figure 3 shows an example of the core observation in member 2 of Xujiahe formation in Hechuan gas field; the result shows that high angle shear fractures with different cutting depth are often associated with quartz and calcite crystal.
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Natural Fracture Characterization.
By analyzing the field outcrop, core, and logging data comprehensively, the region's natural fracture development degree can be characterized by tectonic characteristics, core observation, drilling and logging display, and so on.
Tectonic Characteristics. Many researchers believe that different fold structure developed different structural curvature and stress concentration leading to different degree of fracture development and stimulation performance [2, [7] [8] [9] . Figure 4 shows the relationship between test production and structural position in Hechuan gas field. Maximum stimulation performance is 6.53 × 10 4 m 3 /d when the gas well purpose layer is located in the top structure followed by northeast wing structure and northwest wing structure on 5. Lithologic Characteristics. Many scholars believe that the macro appearance such as mineral content, grain size, texture, and porosity can affect the mechanical properties of the rock and reflect the degree of the natural fracture development indirectly. The smaller rock particles make greater strength and density to produce cracks in smaller stress conditions [2, 7, 10, 11] . Figure 5 shows that it will get different average stimulation test production with different reservoir lithology gas well, and the fine sandstone had the highest stimulation production at 4.75 × 10 4 m 3 /d; hence fine sandstone may contain most natural fractures.
Logging Characteristics. Current imaging logging used for fracture identification and reservoir evaluation includes formation of microresistivity scanning imaging logging, azimuthal resistivity imaging logging, ultrasonic imaging well logging, dipole shear wave imaging logging, and nuclear magnetic resonance (NMR) imaging logging [12] . Based on the conventional logging response mechanism of the crack, the conventional well logging curve can be used to describe the number and distribution of the natural fractures (Dyke and Wu et al., 1995) [13] . By Figure 6 , the imaging logging test results prove that the natural fracture development in this field is heterogenetic. The relationship between test production and oil-gas display type in Hechuan gas field.
there is natural fractures development in this unconsolidated sandstone reservoir [14] . Figure 7 shows the different average stimulation test production with the different oil-gas display type, and the well kick has the highest stimulation production at 4.45 × 10 4 m 3 /d followed by gas cut and gas logging abnormal on 2.28 × 10 4 m 3 /d and 0.94 × 10 4 m 3 /d, respectively, and there is almost no production when there is no oil-gas display in the process of drilling and logging.
Fuzzy Logic and Multiple Grey Correlation
3.1. Evaluation Index System. Through understanding the natural fracture gas reservoir and combining the analysis of drilling, logging, geological, and fracturing operation, the parameters which influence the fracturing effect are divided into three levels according to the secondary evaluation index system: the measurement of the reservoir capacity, flowing capability, and stimulation, as shown in Figure 8 . Parameters characterize the following eight reservoir capabilities: compensated sonic, compensated neutron, compensated density, natural gamma, net pay thickness, porosity, gas saturation, and oil and gas display type; parameters characterize the following four capabilities: structural position, reservoir lithology, deep and shallow resistivity difference, and mud density difference; parameters characterize the following four kinds of stimulation: injection displacement, ahead fluid volume, sand-carrier volume, and proppant volume.
Fuzzy Logic.
Many scholars have done a lot of research on reservoir evaluation method [15] [16] [17] [18] . In this paper, the author, in view of the present public literature statistics, finds that the present reservoir evaluation methods mainly include four types, as shown in Figure 9 .
Fitting function method extracts reservoir parameters and model of linear or nonlinear fitting function; it is simple and easy to calculate this model, but the requirement of independent parameters and calculation accuracy is poor ( Figure 9(a) ). Fuzzy clustering method establishing the fuzzy similarity matrix and the matrix elements can be grouped by intercept, but it is not easy to guarantee the precision ( Figure 9(b) ). The BP neural network gets the inherent relationship between the inputs and outputs and solves the involved problem by adjusting the weight of the neural network on line, and if there is new data to join you then it will need to adjust the network and recalculate again ( Figure 9(c) ). C4.5 method is to optimize the decision tree by adjusting the node properties, and the result is stable, reliable, and speedy, but it is difficult to adjust after constructing the decision tree ( Figure 9(d) ).
In conclusion, it is easy to model the fitting function and fuzzy clustering methods and computation speed is fast, but the nonlinear relationship of variables is not considered and the result is not accurate; BP neural network has some disadvantages such as running into local minimum value easily and slow convergence rate and C4.5 is difficult to adjust the construction of the decision tree. Therefore any single mathematical method is hard to describe the particularity of fractured gas well reservoir evaluation. According to the above research, the author proposes a new reservoir evaluation method based on fuzzy logic and multiple grey correlation.
Without the loss of generality, the principle of fuzzy logic evaluation usually supposes that there are factors affecting the effect of single well stimulation performance, which are called factors set , at the same time reservoir geology is divided into different levels, which are called decisionmaking system set . According to the principle of fuzzy logic evaluation, two datasets fields can be gotten as given by
Take reservoir parameters as an example; the factors affecting stimulation effect are 1 = porosity, 2 = permeability, and 3 = net pay thickness.et, so the evaluation factors set = {porosity, permeability, net pay thickness,. . . , }. Comments containing 4-5 grade can be expressed as V 1 = I = Optimum, V 2 = II = Better, V 3 = III = Possible, V 4 = IV = None, and the decision-making system set = {I, II, III, IV}. Therefore, each parameter in every comment V has a membership degree , as shown by
Membership degree matrix = ( ) × can be set up through using the membership function of single factor evaluation.
And because the role of various factors in the decisionmaking system is not the same, then it defines the weight set , representing the influence extent of each parameter to the stimulation performance:
When the fuzzy weight vector and membership degree matrix are known, the gray correlation matrix is obtained 6 Mathematical Problems in Engineering Table 2 : The major function used in fuzzy logic presented by Zoveidavianpoor et al. [6] . by fuzzy arithmetic operator; the following function demonstrates the operation process:
The decision-making system value of every level is created artificially, such as V 1 = I = 100, V 2 = II = 75, V 3 = III = 50, and V 4 = IV = 25:
Membership Function.
Membership degree matrix is used to represent each of the parameters in the close degree of each comment level calculated by membership function. To determine the membership degree, the most important is to find accurate membership function. Fuzzy linear programming is proposed by Zimmermann [19] ; they think the usual fuzzy programming problem can be described by simple linear, such as trapezoidal and triangular membership functions. But it is a problem for complex fuzzy decision, because a simple membership function is difficult to describe the nonlinear and multiple parameters events in reservoir evaluation accurately. Therefore, piecewise linear membership function was proposed by Narasimhan [20] , but linear curve is not smooth and it is hard to characterize subordinate relations. Zoveidavianpoor et al. [6] summarized the main use of the membership function of fuzzy logic, shown in Table 2 . Fractured gas reservoir evaluation is a multiparameter nonlinear problem; so the improved Gaussian model [21] is used to calculate the fuzzy sets, as shown in the following equation and Figure 10 :
In the distribution of the Gussian membership function is generally believed if a given fuzzy interval of , then the middle of the range value is and ( , , ) = 1. Equal points in the adjacent comment grade are called the transition point; the transition point is the lower limit of previous evaluation level and the upper limit of below level, so the transition point is 0.5; the following accurately described the mathematical relationship:
Multilevel Grey Correlation Analysis Method.
Julong [22] presented the theory of grey correlation system; he stated that curve geometric similarity can be used to determine the contact tightness; if the curve similarity is high, so the greater degree of correlation between data sequence and the smaller the opposite. In this paper, the author studies that the problem of reservoir evaluation is a multi-index system, and the decision-making system is multilayered; then he uses the multilevel grey correlation evaluation weights for each level of parameters.
Single-Level Grey Correlation.
First, you need to deal with each parameter standardization and dimension. Set 0 for target sequence, and then you can calculate the ( ), representing the correlation coefficient of in the first parameter, which is given by
where is distinguishing coefficient, = 0.5, Δ ( ) = | ( ) − ( )|, and is correlation degree, which is given by
Finally the weight set of each factor is obtained on the target by correlation degree, which is given by
Multilevel Grey Correlation.
Multilevel grey correlation analysis process is similar to single-level analysis method. The factor set in the decision-making system can be divided into multilevel evaluation index. Take each level of parameters as a single-level comprehensive evaluation system, calculate the correlation coefficient of each parameters belongs to the secondary evaluation index. In this way each level correlation coefficient in decision-making system can be calculated, and the final correlation degree from the correlation of each level is gotten; it can be divided into three steps.
(1) Factors set can be divided into several subsets , where ∈ , = 1, 2, . . . , .
(2) Utility of single-level gray correlation function calculates the secondary level weight vector , which is given by
(3) Membership degree matrix can be calculated through the fuzzy arithmetic operators between and weight vector . The greater the is as close to its decision-making evaluation, the format is as follows:
Case Study
Known from the analysis of the first section, member 2 of Xujiahe formation is a fractured gas reservoir in Hechuan gas field. In this paper, 15 fractured wells from this fractured gas reservoir are a sample database for reservoir evaluation. According to the characterization of natural fractures and the description of the geological characteristics in section one 16 parameters which affect stimulation effect are selected as the factors set , number 16 being the target for reservoir evaluation in this study; all the parameters and data are shown in Table 3 .
Establish Decision
System. Establishing decision system, firstly, the parameter features need to be considered. Decision system for continuity parameters can be established from a lot of fractured well data by correlation analysis and average method, and discrete parameters without quantitative indicators fuzzy language is more suitable for this decision system. In this fractured gas reservoir, oil-gas display type, structural position, and reservoir lithology are discrete index. The oilgas display types are divided into well kick, gas cut, gas logging abnormal, and no display; structural position is divided into top structure, northeast wing structure, northwest wing structure, and construct the southern; reservoir lithology is divided into fine sandstone, fine-medium sandstone, medium sandstone, and sandstone. All the parametersof decision system are shown in Tables 4, 5 , and 6.
Establish Multiple Correlation Matrixes.
According to the principle of multiple grey correlation, weights on the parameters of this natural gas field are divided into two levels; the calculation steps are as follows. (13) Secondly, calculate the membership degree matrix 1 though the membership function and the secondary membership degree matrix 2 shown as follows: Finally, calculate secondary level weight vector 2, through the multilevel grey correlation calculation formula (11) , and get the gray correlation matrix 2 by fuzzy arithmetic operator shown as follows: 
4.3. Quantitative Score. According to the gray correlation matrix the largest comprehensive evaluation correlation value is 0.131, and the final fuzzy evaluation value is 64.4 through the calculation of function (5). The conclusion shows that the comprehensive evaluation of the well number 16 is closer to II level and the degree of reservoir fracture development in the medium:
On the basis of single well reservoir evaluation, in order to forecast stimulation effect the author has carried on the quantitative score to all wells; Table 7 shows the test production after stimulation and fuzzy comprehensive evaluation value for all wells. As displayed in Table 7 , different wells due to the different development degree of natural fractures and reservoir quality have different test production and reservoir comprehensive evaluation value. Compared with comprehensive evaluation value, well number 10 and well number 7 called similar wells are the closest two wells to the target well number 16. Therefore, it concludes that the three wells reservoirs have a lot of similarities such as reservoir quality, fracture development degree, and stimulation test production. Then, it is predicted that the test production of well number 16 1.00 × 10 4 − 3.00 × 10 4 m 3 /d between similar wells and also through score values the reservoir evaluation is with 80% accuracy.
Comparison of Fuzzy Logic with Other Methods.
In comparison with the usefulness of these types of algorithms (fuzzy logic, fitting function, fuzzy clustering, BP neural network, and C4.5), it is needed to evaluate the adaptability to variety of methods based on the characteristics of reservoir evaluation.
Firstly, this study uses 16 parameters and their complicated nonlinear relationship exists between them, so simple parameter fitting function and fuzzy clustering are impossible to achieve high accuracy (80% compared to fuzzy logic).
Secondly, in reservoir evaluation process, it is necessary to know the weights indicating the influence extent of each parameter to the stimulation performance. BP neural network model is a black box with only inputs and outputs and C4.5 pruning through the maximum gain-ratio and they have a common characteristic that cannot reflect the middle of the process networks. Fuzzy logic algorithm can not only reflect the degree of membership for each parameter in each evaluation criteria system level, but also calculate the weight of each parameter affecting the gas well production.
Therefore, any single mathematical method is hard to describe the particularity of fractured gas well reservoir evaluation, but the method based on fuzzy logic and multiple grey correlation can be a good description of reservoir evaluation.
Conclusion
The economic success of a fractured gas reservoir depends on successful reservoir evaluation to find the reservoir with fracture development. Therefore accurate characterization parameter of natural fractures and mathematical model are required for reservoir evaluation and production prediction.
(1) Structural position, reservoir lithology, porositypermeability relationship, and drilling and logging display are effective parameters representing the degree of natural fracture development.
(2) The fuzzy logic and multiple grey correlation model is trained and tested with a case study in a Hechuan fractured gas reservoir. The proposed model is used accurately to have evaluated and ranked sixteen wells with four criteria. The results of the model were reasonable based on the facts that good wells are good reservoir quality for fracturing.
(3) The proposed system can provide outcomes to assist in fractured gas reservoir evaluation and ranking candidate wells for fracturing treatment
